In this study, the authors compared and evaluated 4 membrane potential probes in the same cellular assay: the oxonol dye DiBAC 4 (3), the FLIPR membrane potential (FMP) dye (Molecular Devices), and 2 novel fluorescence resonance energy transfer (FRET) dye systems from PanVera [CC2-DMPE/DiSBAC 2 (3)] and Axiom [DiSBAC 1 (3)/DiSBAC 1 (5)]. The kinetic parameters of each membrane probe were investigated in RBL-2H3 cells expressing an endogenous inward rectifier potassium channel (IRK1). The FMP dye presented the highest signal over background ratio whereas the FRET dyes from PanVera gave the fastest response. The determination of IC 50 values for 8 different channel modulators indicated a good correlation between the 4 membrane probe systems. The compound-dye interaction was evaluated in the presence of compounds at 10 µM and clearly indicated no effect on the FMP or the PanVera donor dye, whereas some major interference with the oxonol probes was observed. Using a cell permeabilization assay in the presence of gramicidin, the authors concluded that the FRET dyes from PanVera and the FMP dye are unable to measure the gramicidin-induced cell membrane hyperpolarizations. The 4 dye systems were investigated under high-throughput screening (HTS) conditions, and their respective Z′ parameter was determined. The characteristics of each dye system and its potential use in HTS assays is discussed. (Journal of Biomolecular Screening 2003:533-543) 
V
OLTAGE-GATED AND LIGAND-GATED ION CHANNELS are emerging as targets of increasing importance to the pharmaceutical industry because of their relevance to a wide range of disorders in the cardiovascular, inflammatory, and CNS areas. 1, 2 Over recent years, the cloning and expression of an increasing number of new channel subunits has stimulated the development of novel technologies sensitive enough to characterize the physiological and pharmacological properties of these particular proteins. To identify novel molecules able to modify selectively channel activity, it is preferable to set up functional assays compatible with highthroughput screening (HTS) of large compound libraries. [3] [4] [5] These assays should ideally be sensitive and fast and be amenable to miniaturization to 96-or 384-well plate format. In this context, only a few approaches are currently available to probe the activity of ion channels within cells. On one hand, ligand-binding assays and ion flux assays (e.g., 86 Rb + ) have been widely used to probe the pharmacological properties of a target channel, but the involvement of radioactive tracer molecules or ions makes these techniques inconvenient for rapid and reliable use in HTS assays. On the other hand, patch-clamp recording represents the most sensitive method to characterize the gating, ion permeability, and drug interactions of channels, but it remains a cell-by-cell assay difficult to automate for screening purposes. Nevertheless, innovation in the area of optical methods has led to the discovery of new fluorescent dyes optimized to measure membrane potential changes with high sensitivity. [3] [4] [6] [7] Membrane potential indicators have historically been classified into 2 classes of molecules: the slow responding dyes, which present a moderate sensitivity toward membrane potential changes (oxonol and cyanine dyes), and the fast responding dyes that display only low sensitivity upon membrane potential changes (styryl dyes 8 ). The slow responding dyes are represented by lipophilic, negatively charged oxonol dyes (e.g., bis-(1,3-dibutylbarbituric acid)trimethine oxonol or DiBAC 4 (3)), which have very low fluorescence in the extracellular aqueous environment but increase their quantum yield upon binding to the hydrophobic core of the lipid membrane. Upon depolarization of the cellular membrane, the negatively charged oxonol moves from the extracellular medium into the cytosol. Increased intracellular concentration of the dye results in an increase of its binding to cellular membranes and hence of the fluorescence quantum yield and emission. 9 Because oxonol dyes present a slow response upon cell membrane potential changes, their use in HTS assays is limited to steady-state measurements involving slow or noninactivating ion channels. However, the sensitivity of fluorophores toward rapid changes in membrane potential has been drastically improved by using dye systems based on fluorescence resonance energy transfer (FRET). 3, 6, 10, 11 In this study, we investigated 2 novel FRET systems and compared them with the FLIPR membrane potential dye (FMP) from Molecular Devices (Sunnyvale, CA) and the more conventional oxonol dye DiBAC 4 (3) (Molecular Probes Inc., Eugene, OR).
The FRET system from PanVera (PanVera, 501 Charmany Drive, Madison, WI 53719) is composed of a coumarin-linked phospholipid (CC2-DMPE) that acts as a FRET donor in the outer leaflet of the cell membrane, whereas the oxonol dye DiSBAC 2 (3) is used as a mobile voltage sensor and FRET acceptor. 6 Upon membrane depolarization, the oxonol dye moves to the interior of the cell membrane, thus leading to an increase of the donor fluorescence and a decrease of the acceptor fluorescence. This mechanism enables the use of ratiometric measurements, which consequently improves the sensitivity of the assay. The second FRET system has been developed by Axiom (Axiom Biotechnologies Inc., 3550 General Atomics Court, San Diego, CA 92121-1194) and is based on the energy transfer between 2 mobile and voltagesensitive oxonol dyes: DiSBAC 1 (5) and DiSBAC 1 (3) . Both dyes partition into the cellular membrane according to the membrane potential, and the close proximity of both dyes within this environment enables a FRET event to occur. The magnitude of the FRET signal is proportional to the product of the concentrations of the 2 components of the FRET pair, both being sensitive to membrane potential, thereby increasing the sensitivity of the assay.
Although many studies investigated the use of oxonol, FMP, or PanVera dyes in cellular assays, only a few have attempted to evaluate and compare these systems within the same functional assay. Moreover, no data have been published so far with the Axiom dyes, and hence our study will provide the first experimental characterization of this novel FRET dye system. The goal of our study was to evaluate and compare 4 membrane potential dye systems in a functional cellular assay using RBL-2H3 cells to probe the activity of an endogenous expressed inward rectifier potassium channel and to assess their potential use for HTS. In addition, we attempted to evaluate the probes under hyperpolarizing conditions using a CHO cell permeabilization assay in the presence of the ionophore gramicidin.
MATERIALS AND METHODS

Cell culture
RBL-2H3 cells were grown in RPMI medium supplemented with 10% fetal bovine serum (FBS), 0.1% β-mercaptoethanol, 0.075% NaHCO 3 , 10 mM Hepes pH 7.4, and 1% nonessential amino acids. CHO-H1 cells were grown in MEM Alpha medium supplemented with 10% FBS and 400 µg/ml geniticin. Cells were transferred to 96-well plates 24 h before the experiments at a density of 5 × 10 4 cells/well in 100 µl. All media reagents were purchased from Bio Whittaker Europe, Belgium.
Cell staining
PanVera dyes
The PanVera FRET dyes were a gift from PanVera, 501 Charmany Drive, Madison, WI 53719. Cells in 96-well plates were washed (150 µl) in Hank's Balanced Salt Solution (HBSS) supplemented with 20 mM Hepes pH 7.4 and stained during 30 min at room temperature with 50 µl/well of HBSS containing 20 µM of CC2-DMPE. The coumarin lipid was diluted from a 5-mM stock solution in DMSO stored at -20°C. The excess of CC2 was removed by aspiration, and the cells were washed 2 times with 150 µl of HBSS buffer followed by addition of 200 µl of HBSS buffer containing 5 µM of DiSBAC 2 (3) (diluted from a 5-mM stock solution in DMSO), 250 µM VABSC-1 (diluted from a 200-mM stock solution in H 2 O), and the test compound. After an incubation period of 30 min, the plate was placed into the fluorescence reader (Polarstar Optima, BMG Technologies, Germany). The coumarin lipid was excited with a 410 ± 6 nm filter, and the emission fluorescence was recorded with a 460 ± 12 nm filter for CC2-DMPE and a 570 ± 12 nm filter for DiSBAC 2 (3). The fluorescence response was expressed as the emission ratio of the donor (460 nm) and the acceptor (570 nm).
Oxonol
The oxonol dyes DiSBAC 2 (3) and DiBAC 4 (3) were purchased from Molecular Probes Inc., Eugene, OR. The cells were loaded at room temperature during at least 30 min with 2 µM DiSBAC 2 (3) or 5 µM DiBAC 4 (3) in HBSS buffer and in the presence of 0.08% (w/v) bromophenol blue (Biorad). The fluorescence signal was recorded with a 544/570 ± 12 nm filter pair for DiSBAC 2 (3) and a 480/520 nm filter pair for DiBAC 4 (3) . Stock solutions at 5 mM in DMSO were stored at -20°C.
FMP
The FMP probe was purchased from Molecular Devices, Sunnyvale, CA. The stock solution was prepared by mixing 10 ml of reagent buffer (HBSS with 20 mM Hepes adjusted to pH 7.4) with 1 bottle of membrane potential reagent. The culture medium from 96-well plates was removed by aspiration, and cells were incubated during at least 30 min at room temperature with 200 µl of FMP dye (diluted 10 times in HBSS) with or without drug to be tested. The fluorescence signal was recorded with a 544/570 ± 12 nm filter pair.
Axiom dyes
The FRET dye pair DiSBAC 1 (5) and DiSBAC 1 (3) were kindly provided by Drs. Gregory Kaler and Damien Dunnington from Axiom Biotechnologies, Inc., 3550 General Atomics Court, San Diego, CA 92121-1194. The dyes were diluted from 5-mM stock solutions in DMSO and mixed in 20% ethanol to a final concentration of 100 µM. The culture medium was removed from the wells by aspiration, and the cells were incubated at least 10 min at room temperature with 200 µl of the solution of Axiom dyes in HBSS, each dye at a final concentration of 5 µM. The fluorescence signal was recorded with 545 ± 5 nm excitation and 680 ± 10 nm emission filters.
Fluorescence measurements
Fluorescence recordings were either performed on a Novostar or a Polarstar Optima plate reader (BMG Labtechnologies, Offenburg, Germany), both equipped with 2 injectors and a 25-plate stacker system for the Polarstar. For both instruments, the fluorescence signal was recorded with optics orientated at the bottom of the plates (Viewplate Black, Packard). Before starting the measurement, using the gain adjustment option in the BMG software, the well containing the highest fluorescence was used to set the gain of the instrument to 30%. Under these conditions, the basal fluorescence for each probe (Axiom, FMP, and DiBAC 4 (3)) was set to approximately 17,000 to 20,000 fluorescence units. For kinetic measurements, the background fluorescence of the cells (in 200 µl of HBSS with respective dyes and drugs) was recorded for 10 s, and the cells were subsequently depolarized by injecting 10 µl of a 1-M KCl stock solution. The depolarization signal was then recorded at 1 Hz. The net change of the fluorescence signal was expressed as the percentage of the initial background fluorescence (F 0 ), that is, ∆F/F 0 = (F t -F 0 ) × 100/F 0 (where F t represents the fluorescence at each time point after injection). For HTS assays on the Polarstar, we used the BMG plate mode protocol where the basal fluorescence was measured during 3 plate readings of 15 s and the depolarization signal after KCl injection during 12 plate readings. For the PanVera FRET dyes, the gain of the instrument was set to 50% for each dye, and both emissions were recorded simultaneously using a BMG well mode protocol (3 recordings before and 4 recordings after KCl injection). Experiments were carried out at room temperature, and the plate reader temperature usually ranged between 26 and 28°C.
pIC 50 determination Cells were loaded with the fluorescence dyes and incubated in the presence of various concentrations of channel blockers during 30 min at room temperature. Fluorescence recordings in the presence of BaCl 2 (Sigma-Aldrich, Bornem, Belgium) were performed in HBS buffer (20 mM Hepes pH 7.4, 150 mM NaCl). All other channel blockers were solubilized in 100% DMSO and further diluted in HBSS buffer. In all the experiments, cells were incubated at room temperature and depolarized by injecting 10 µl of a 1-M KCl solution. The dose-response curves were simultaneously recorded in triplicate using the BMG plate mode protocol. The fluorescence obtained after 2 min (F final ) was used to calculate the relative channel activity, that is, (F final -F 0 ) × 100/F 0 . Dose-response curves and pIC 50 values were analyzed by using the Graphpad Prism v3.0 (San Diego, CA) software.
Compound-dye interaction
Serial dilutions of test compounds were prepared in 100% DMSO and diluted in HBSS pH 7.4 buffer containing the fluorescent probe (without cells). Control wells contain 1% DMSO. The membrane potential probes were tested at the following concentrations: Axiom 5 µM (λ ex 544, λ em 570 and λ em 570, λ ex 680 for donor and acceptor, respectively), DiBAC 4 (3) 5 µM (λ ex 485, λ em 520), FMP dilution of 10 (λ ex 544, λ em 570), CC2-DMPE 5 µM (λ ex 410, λ em 460), and DiSBAC 2 (3) 5 µM (λ ex 544, λ em 570). The gain of the fluorescent reader was set to 50%, and the fluorescence was recorded with a BMG plate mode protocol. The relative fluorescence change is expressed as the percentage of control values (1% DMSO).
Cell hyperpolarization
Experiments were carried out on CHO-H1 cells seeded at 5 × 10 4 cells/well 24 h before the start of the experiment. The cells were washed in HBSS buffer and stained with dyes as described above and incubated for 30 min at room temperature in 100 µl of buffer containing 20 mM Hepes pH 7.4, 250 mM sucrose, and increasing concentrations of KCl (2 mM-150 mM). The basal fluorescence was recorded for 1 min, and the cell membrane was then hyperpolarized by injecting manually 1 µl of Gramicidin D (100 µM stock solution in ethanol; Sigma-Aldrich, Bornem, Belgium).
The fluorescence signal was further recorded for 2 min, and the end values were used to calculate the ∆F/F 0 value (F 0 = fluorescence before hyperpolarization). The Nernst equation for the equilibrium potential of potassium ions is given by ∆Ψ K = 59.16 × log 10 
HTS evaluation
The cells were cultured in 185 cm 2 culture flasks and seeded into 96-well microplates with a Multidrop dispenser (ThermoLabsystems, Helsinki, Finland) at a density of 5 × 10 4 cells/well. After 24 h, the cell culture medium was discarded by plate inversion and replaced by 150 µl of HBSS pH 7.4 buffer containing the test compound. For Z′ evaluation experiments, half of a 96-well microplate was incubated in the presence of 150 µl HBSS (control) or 13 mM pentobarbital in HBSS (compound). The fluorescent probes are subsequently added with a Multidrop dispenser (50 µl of a 4-times concentrated solution in HBSS buffer). The plates are further incubated for 30 min at room temperature and subsequently stacked into a BMG Polarstar Optima fluorescence reader equipped with 1 injector. The equation for calculating the Z′ parameter has been described elsewhere.
Chemicals
HBSS buffer was used from Bio Whittaker Europe, Belgium. Barium, astemizole, protropine, chloroethylclonidine (CEC), amiodarone, perhexiline, and terfenadine were purchased from Sigma Aldrich (Bornem, Belgium), pentobarbital from Siegfried Chemie (Switzerland).
RESULTS AND DISCUSSION
In this study, we investigated the characteristics of 4 membrane potential probes in a cellular system and the assay compatibility with HTS assay conditions. The cell line used in this study is the rat basophilic leukemia cell line RBL-2H3, which has been shown to express an inwardly rectifying potassium channel (K ir ) with properties similar to those of the IRK family. 13, 14 The cells are seeded in 96-well microplates at a density of 5 × 10 4 cells/well and depolarized by injecting with an automatic injector a 1-M KCl solution to increase the extracellular K + concentration to 50 mM.
Cell loading with membrane potential dyes
The use of membrane potential dyes in a cellular system requires some preliminary optimization of the loading conditions. We observed that most of the dyes are very easy to load and required a single incubation step without washing of the cell monolayer. The culture medium was removed by aspiration or by plate inversion and replaced by HBSS-Hepes buffer pH 7.4 containing the fluorescent dye. With respect to the fluorescent dyes DiBAC 4 (3), Axiom, and FMP, we observed that an incubation period of 30 min is sufficient before performing the measurement in the fluorescence plate reader (data not shown). With respect to the FRET system from PanVera, sequential staining with the donor and acceptor probes requires several steps that have to be optimized for each cellular system. The initial step consists in the optimization of the FRET donor concentration (CC2-DMPE). This coumarin-linked phospholipid partitions into the outer monolayer of the cell membrane, and after an incubation period of 30 min, the unbound dye has to be washed out. Under the experimental conditions used in this study, 2 washing steps were used to obtain stable and reproducible results. The FRET acceptor (DiSBAC 2 (3)) is then added to the cells and further incubated for 30 min before fluorescence measurement. The separate incubation and washing steps were manually performed during this study, but the use of a higher number of plates therefore requires automatic cell washers that have been reported to be the cause of some variation in the assay performance. 15 Because most of the robotic systems are equipped with stackers, the lag time between the plate preparation and the fluorescence reading can be very important. We investigated the stability of the dye signal at several time points after cell loading and observed that all the membrane potential probes display a quite stable signal over a period of 4 h (data not shown). These observations are consistent with previous reports in which it has been shown that the fluorescence response of the FMP dye 4 remains stable for up to 3 h and up to 15 h for the PanVera dye pair. 15 Our results further confirm the stability for several hours of the fluorescence response of the DiBAC 4 (3) dye and the novel FRET probes from Axiom. Another important issue that should be addressed before launching functional HTS assays is the number of cells required to obtain specific and reproducible fluorescence responses. Moreover, the cell density may become a limiting step because HTS assays involving 100 plates per day need an appropriate large-scale cell-culture system. Therefore, limiting the number of cells per well might contribute to increase the throughput of the assay. Figure 1A shows the evolution of the fluorescence response for several dyes as a function of cell density. The results obtained with the FMP dye from Molecular Devices and the FRET dyes from Axiom can be fitted with a single exponential association equation and indicate that the response of both dyes tends to saturation above 25,000 cells/well. The results obtained with the probe DiBAC 4 (3) generate a saturation curve that is strongly shifted toward the lower cell densities and shows a maximum response at a density of~6,000 cells/well. This shift can be attributed to the high concentration of DiBAC 4 (3) used in this assay as we observed that a lower probe concentration (e.g., 2 µM) generates a curve compatible with those obtained for the FMP or the Axiom dyes. The response of the PanVera dyes does not tend to saturation in the range of cell densities tested in this study. Although the measurement is ratiometric, we conclude that this dye pair may be used in the range of 25,000 to 50,000 cells/well but a variation of 20% of the fluorescence signal may be expected. This behavior of the PanVera FRET dyes may be explained by the difference of accumulation of the coumarin lipid donor dye when exposed to a lower number of cells, thus increasing the relative concentration of the donor dye in the cell membranes. To generate a maximal response with a lower number of cells thus requires a reoptimization of the donor-acceptor pair concentrations. Figure 1B shows the basal fluorescence of the cells prior to depolarization with 50 mM KCl and clearly indicates that the basal fluorescence for each dye is a linear function of the cell density. The ratiometric measurement for the PanVera dyes (basal ratio) does not indicate a direct correlation between cell density and the fluorescence response. A linear relationship was, however, observed for the single emission of the donor or acceptor (data not shown). The increase of the donor/acceptor ratio with decreasing cell number indeed suggests a relative higher accumulation of the CC2-DMPE.
The linear relationship between cell density and basal fluorescence might allow us to estimate the relative cell number in each well and thus to verify the cell density during HTS assays. It should, however, be noted that channel modulators modify the basal fluorescence of the cells and consequently only control wells and should be taken into consideration.
Kinetic parameters of membrane potential probes
The most critical parameters in screening assays remain the throughput and the stability of the assay. Although the stability of the assay is mainly determined by the fluorescent properties of the probe itself, throughput depends on the best compromise between the speed of the fluorescence reader and the response time of the fluorescence signal. In this section, we were interested in comparing the kinetic responses of several membrane potential dyes to evaluate their usefulness in screening assays. RBL-2H3 cells (96-well microplates) were loaded with the fluorescent probes as described in the Materials and Methods section and depolarized by injecting KCl to a final concentration of 50 mM. The resulting fluorescence signal for each probe is presented in Figure 2 , and the corresponding data are summarized in Table 1 .
The FMP probe from Molecular Devices shows the highest fluorescence response to depolarization. This dye presents a very stable signal and increases its fluorescence signal by 183 ± 14% upon cell membrane depolarization (see Table 1 ). The time needed for this dye to reach 90% of its maximum signal (t 90 ) is about 20 s and therefore represents the 2nd fastest probe in this assay. The FRET dyes from PanVera display the fastest response (t 90 of 5 s) and give an average intensity change (ratiometric measurement) of 50%. When compared to the results obtained with DiSBAC 2 (3) alone (Table 1) , we observe that the introduction of CC2-DMPE as a FRET donor is sufficient to reduce the response time drastically. This observation clearly demonstrates that the FRET system is a powerful tool to improve the quality of membrane potential assays. The FRET dyes from Axiom also display a strong signal upon cell membrane depolarization (83 ± 13%, Table 1 ) and present a t 90 constant of 40 s. The DiBAC 4 (3) dye shows under the same conditions a higher t 90 constant of about 60 s and a lower fluorescence response of 44 ± 5% fluorescence increase (Table 1) ers 7 reported in an earlier study a t 1/2 constant (time needed to gain 50% of maximal response) of 17 s and 240 s for the FMP and the DiBAC 4 (3) dye, respectively. Under the experimental conditions used in this study, we calculated a t 1/2 constant of 8 s for the FMP dye and 32 s for the DiBAC 4 (3) dye (see Table 1 ), thus leading to the conclusion that the FMP dye is about 4 times faster than the oxonol dye. Because the experimental conditions are nearly the same in both studies (e.g., dye concentration, KCl depolarization, and microplate format), we can attribute this discrepancy only to the use of a different cell system: a slowly activating Elk-1 potassium channel in the study of Baxter and others 7 and a fast inward rectifier IRK-1 channel in the present study. The FRET dyes from Axiom do not directly compete with the rapidity of the PanVera dyes but nevertheless generate a faster and higher response than the conventional oxonol dyes (see Table 1 ).
These kinetic parameters are important to evaluate the time needed to measure an entire 96-or 384-well plate, especially when low-or medium-throughput fluorescence readers equipped with a single injector and/or detector are involved (e.g., the readers used in this study). However, the recent development of new robotic plate readers with multiple channel detectors and injectors (e.g., FLIPR [Molecular Probes Inc., Eugene, OR], VIPR [PanVera Biosciences Corporation, 11010 Torreyana Road, San Diego, CA], Image Track [Perkin Elmer, Boston, MA], etc.) have overcome the limiting step of injection time. Under such experimental conditions, the throughput of an assay is mainly limited by the plate manipulation time, and therefore the choice of a fast responding dye (e.g., PanVera FRET dyes) is especially recommended in the case of fast inactivating channels, whereas the FMP dye, Axiom dyes, or DiBAC 4 (3) may be used for slow or noninactivating ion channels.
Pharmacological characterization of the IRK1 current in RBL-2H3 cells
Although HTS assays are usually restricted to testing compounds at a single concentration, membrane potential probes may also be useful in secondary screening assays to determine concentration-response relationships of compounds on the target channel. For this purpose, we investigated the ability of 4 membrane probes to generate accurate concentration-response curves and pIC 50 values of various channel blockers on the IRK1 channel in RBL-2H3 cells. The cells were loaded with fluorescent probes and incubated in the presence of increasing concentrations of test compounds as described in the Materials and Methods section. All the compounds were tested at 8 concentrations in a range of 10 mM to 10 nM. The cells were subsequently depolarized with 50 mM KCl, and the end fluorescence after 2 min was used to calculate the inhibition curves and the corresponding pIC 50 values (Fig. 3A) . The inhibition of the IRK1 channel has been previously described for barium, 13 pentobarbital, 16 terfenadine, 17 astemizole, 17 protropine, 18 and chloroethylclonidine. 19 Figure 3B shows the pIC 50 values of various potassium channel blockers on the IRK1 channel obtained with different probes. The results presented in this study demonstrate that all the dyes tested are able to sense the activity of the IRK1 channel in the presence of various concentrations of channel blockers. The pIC 50 values obtained with the 4 probes may differ within a range of 1 log unit depending on the test compound. Indeed, using the probe DiBAC 4 (3), we were not able to establish accurate inhibition curves for amiodarone and chloroethylclonidine and to determine their corresponding pIC 50 Several studies already investigated the relationship between the IC 50 values obtained by fluorescence and electrophysiology. 5, 11, 15 Taken together, the correlation between the rank-order potencies of channel openers or blockers obtained by fluorescence and electrophysiology is still a matter of debate. On one hand, the report of Tang and others 5 indicated that differences up to 2 log units may be expected between IC 50 values obtained with fluorescence or patch clamp. These authors suggested that the use of membrane potential probes may be useful to identify potential channel modulators but not for ranking compounds by their potency. On the other hand, a recent study using the PanVera dyes 15 indicated a correlation of 0.78 between voltage clamp and fluorescence measurements. In the present study, we investigated 8 compounds that have only partially been published with IC 50 values for the IRK1 channel by electrophysiology. A direct comparison between these published values and those obtained by fluorescence cannot be drawn because the IC 50 values from the literature were mostly obtained by using different experimental conditions and various cellular systems. Hence, the use of electrophysiology and fluorescence in parallel on the same cellular system is the best approach to define the correlation between the 2 technologies. Figure 2 . a. The fluorescence increase is calculated from data points obtained 2 min after KCl depolarization as determined in Figure 7 .
Compound-dye interaction
The interaction between a test compound and the membrane potential dye may be the cause of a significant change of the fluorescence response and thus lead to an altered estimation of the compound activity (false hit). Several mechanisms may contribute to this effect: compounds affecting membrane potential or cell disruption and most commonly colored compounds or direct dye interaction leading to fluorescence quenching. We therefore investigated the interference of several compounds, used in the previous section for pIC 50 determination, with the 4 membrane potential dye systems. In this assay, the fluorescent probes were tested in the absence of cells, and the effect of increasing concentrations of compounds on the DiBAC 4 (3) fluorescence is shown in Figure 4 (also see the Materials and Methods section). The fluorescence decrease induced by the test compound at 10 µM was chosen to compare the interference with the 4 probes ( Table 2) . Our results indicate no interference of the test compounds with the FMP and the PanVera donor dye. The probe DiBAC 4 (3) shows a decrease of about 20% to 25% of its fluorescence in the presence of 4 compounds. The FRET dyes from Axiom also show a fluorescence decrease in the presence of 2 (donor) or 3 (acceptor) compounds. Taken together, our results indicate a preferential interaction between the test compounds and the oxonol-based membrane potential probes. These results are in agreement with the study by Tang and others, 5 demonstrating that the 2 compounds terfenadine and astemizole are able to quench the fluorescence of DiBAC 4 (3) but not the fluorescence of the FMP dye. However, test compounds at concentrations higher than 10 µM start interfering with the FMP dye (data not shown). A recent review indicated that about 1% of compounds from a chemical library, tested at 10 µM, can lead to false hit rates due to fluorescence changes. 20 These authors also discussed the fact that compound-induced fluorescence changes may not always be directly linked to altered membrane potential measurements. Indeed, although the compounds terfenadine and astemizole quench the DiBAC 4 (3) dye by about 20% to 25%, we were able to measure pIC 50 values comparable to those obtained with the unquenched FMP dye. Nevertheless, the compound amiodarone clearly showed an effect on the DiBAC 4 (3) response but not on the response of the oxonol-based FRET dyes (see Fig. 3 ), suggesting that the response of the FRET dye systems is less sensitive to compound-quenching effects. Based on these results, we conclude that the false hit rate is strictly related to the chemical nature of the Fig. 4) , and the percentage of fluorescence decrease was calculated from controls (1% DMSO).
compound library. Indeed, a first screening of the compound library with either of the dyes will give a better estimation of the compound families able to interfere with the fluorescence response.
Cell membrane hyperpolarization measurements
Although RBL-2H3 cells exhibit a strong depolarization signal after activation of the IRK1 channel by KCl, the physiological role of many classes of ion channels consists in hyperpolarization of the cell membrane upon voltage shift or ligand interaction. In this section, we investigate the characteristics of the 4 probes in measuring membrane hyperpolarizations by using an artificial permeabilization assay. To prevent any interference of the IRK1 channel, we replaced the RBL cell line by a CHO cell line. The CHO cell membrane was hyperpolarized with the potassium ionophore gramicidin D, which, according to the Nernst equation (see the Materials and Methods section), induces a net K + efflux. 21, 22 Increasing the concentration of extracellular potassium leads to a decrease in the gramicidin D-induced efflux and consequently to a reduced membrane hyperpolarization. Figure 5 shows the results obtained from such hyperpolarization experiments in the presence of 1 µM gramicidin D. The inset in Figure 5 clearly shows that membrane hyperpolarization with gramicidin leads to a decrease of the oxonol fluorescence, which, according to the Nernst equation, is dependent on the extracellular potassium ion concentration. Only 2 dyes, namely, the oxonol DiSBAC 2 (3) and the FRET dyes from Axiom, were able to measure the membrane hyperpolarization induced by gramicidin D. We observed that the fluorescence change remains very low under these experimental conditions (10%-20%), suggesting that the fluorescent probes are most probably less sensitive to hyperpolarization measurements. This hypothesis is consistent with the fact that these hydrophobic dyes are less able to partition into the more polar extracellular medium upon membrane hyperpolarization.
However, the FRET dyes from PanVera or the FMP dye do not lead to an accurate measurement of the gramicidin D-induced cell membrane hyperpolarization because we observed that the fluorescent signal remains unaffected over a large range of extracellular K + concentrations. However, previous reports demonstrated that both dyes are able to measure a cell membrane hyperpolarization, 4,11 and we therefore conclude that most probably the experimental conditions used in this study are not compatible with the fluorescent properties of the 2 dye systems.
HTS evaluation of membrane potential probes
In this section, we investigate the behavior of the 4 membrane potential probes under HTS conditions. We were interested in evaluating and comparing the characteristics of the probes in a functional screening assay. The transfer of an assay into an HTS format requires some preliminary quality testing to evaluate the stability and reproducibility of the fluorescent signal. Because most compound libraries are stored in DMSO, it is of great relevance to evaluate the compatibility of the assay with this solvent. We performed a depolarization assay on RBL cells in the presence of various concentrations of prediluted DMSO (Fig. 6 ) and observed that the fluorescent signal for all 4 probes was not drastically modified by concentrations up to 3% DMSO. Our results for the FMP dye suggest the compatibility with higher concentrations of DMSO, whereas an earlier report indicated the tolerance of only 0.5% DMSO. 4 The difference between the 2 studies comes from the fact that these authors related the DMSO tolerance to the relative potency of a K + -ATP channel opener at various DMSO concentrations. Such an approach does not allow discrimination between the effect of the solvent on the membrane potential probe itself or the effect on the solubility or affinity of the test compound and consequently reduction of the signal response. Falconer and others 15 recently published a DMSO tolerance of 2% for the PanVera FRET dyes, confirming that the coumarin acceptor (CC2) and the oxonol acceptor are compatible with such high concentrations of DMSO. These observations are in good agreement with our DMSO tolerance for DiBAC 4 (3) and Axiom dyes.
Another major concern in HTS assays remains the stability and the well-to-well variation of the fluorescent signal. We therefore evaluated the experimental Z′ parameter for 4 membrane potential dyes, which is a statistical parameter widely used to characterize the robustness of an HTS assay 12 and which consequently permits setting upper and lower limits to the assay window.
The membrane dyes were loaded into RBL-2H3 cells (see the Materials and Methods section), containing either 1% DMSO (control) or 10 mM pentobarbital (compound) and stacked into a Polarstar Optima (BMG) instrument for fluorescence measurements. Figure 7 shows the assay signal windows and the Z′ estimation for each individual dye measured from 5 plates on 3 different days. From these results, we infer that all the dyes used in this study present acceptable data point distributions and that a 3 standard deviation window can be taken to identify potential channel blockers. The average of 15 plates shows a Z′ parameter of 0.68 ± 0.08 for the FMP dye, 0.57 ± 0.1 for DiBAC 4 (3), 0.32 ± 0.08 for Axiom, and 0.46 ± 0.09 for the PanVera dyes. Based on these results, we conclude that the FMP dye gives the most robust signal in this assay. The lower Z′ value for the Axiom dyes can be explained by the variation of the control values, which present a standard deviation similar to the FMP dye but with a 50% lower signal amplitude. The Z′ estimations obtained for the DiBAC 4 (3) dye in this study are in good agreement with those obtained by Cronk and others 11 in a 384-well format using a FLIPR instrument (~0.4-0.8). The Z′ parameter for the PanVera dyes has also been investigated by other groups, using a VIPR instrument and a 384-plate 11 or 96-plate 15 format, and values of at least 0.5 were generally obtained. Although the Z′ values obtained in this study for the PanVera dyes and Axiom dyes are slightly lower than the previous published values, we conclude that even under conditions using different cellular systems and medium-throughput fluorescence readers, these dye pairs still present a valuable tool to develop and perform robust screening assays.
CONCLUSIONS
In this study, we compared 3 novel membrane probe systems to the conventional oxonol dyes and observed that some major improvements of the fluorescence responses are characterized by a substantial increase of the signal amplitude when using the FMP or Axiom dyes and a considerable increase of the signal kinetics in the case of the PanVera FRET system. The dye systems from Axiom, PanVera, and Molecular Devices, however, display no considerable improvement in the signal stability or Z′ parameter when compared to the oxonol dye DiBAC 4 (3) . The advantage of these novel dyes certainly lies in the reduced compound-quenching effects (e.g., FMP), thus contributing to a lower false hit rate during HTS assays. Because DiBAC 4 (3) has been reported to be sensitive to temperature and dilution, 4 the FMP, Axiom, and PanVera dyes might offer a better compromise to set up robust HTS assay conditions. With regard to the FRET dyes from PanVera, the FMP and Axiom dyes present the advantage of requiring a limited number of manipulation steps. This feature may play a major role when developing assays using medium-throughput fluorescence readers, as was the case in this study. Hence, the optimal use of the PanVera FRET dyes requires a robotic platform including a cell washer and a VIPR instrument equipped with dual emission detectors. Under such conditions, the PanVera FRET dyes represent a considerable advantage when studying or screening fast inactivating ion channels as has been recently shown with heterologously expressed GABA-A receptors. 23 The new FMP dye from Molecular Devices contains a high concentration of quencher molecules, which restricts its use to functional assays using adherent cells. This is not the case for the FRET systems from Axiom or PanVera, which might also be useful for assays involving cell suspensions or membranes. 
